Introduction
The use of avalanche photodiodes (APDs) for achieving better photoreceiver sensitivity is still important in optical fiber communications systems with bit rates beyond 10 Gbps. Here, for sufficient responsivity, bandwidth, and multiplication gain, all the structural parameters have to be compromised. A key design for APD structure is related to the tradeoff between responsivity and bandwidth, where higher bandwidth generally requires a thinner absorption layer, resulting in lower responsivity. A thinner absorption layer also increases the junction capacitance. For these reasons, an evanescent-coupled waveguide, in which a thinner absorption layer is allowed, has been incorporated into high-speed APDs [1] . However, the vertical illuminated type is favorable for minimizing the polarization dependent loss and offers easier optical coupling between the fiber and APD active area.
For a scaled APD with smaller junction size, the fabrication process is another issue. For example, selective Zn-diffusion or ion-implantation techniques (though common to 10 Gbps APDs [2] ) are not necessarily applicable for further scaling.
In this paper, we propose the new p-down inverted APD structure that can be simply fabricated with double mesas and is suitable for scaling. A 3-dB bandwidth of 27 GHz and a gain-bandwidth product of 220 GHz have been obtained for fabricated InAlAs/InGaAs APDs, demonstrating the potential of the proposed structure. Figure 1 shows a schematic cross section of the proposed inverted APD that is suitable for high-speed operations by electron injection scheme. The epitaxial structure, including p-contact, absorption layer, p-field control, InAlAs avalanche, n-field control, undoped-edge-field buffer, and n-contact layers, is grown on semi-insulating InP substrate by MO-VPE. The primary reason we choose the inverted (p-down) configuration is that the hybrid-absorption layer (p-and depleted InGaAs), which is called the maximized-induced current (MIC) design [3] , can easily be incorporated into mesa-type device. The MIC design allows the responsivity and bandwidth to be maximized simultaneously, which is very important for high-speed APD. A top mesa is formed in the n-contact layer, leaving the edge-field buffer layer on the avalanche layer. The second mesa consists of layers from the absorption to edge-field buffer layer with several microns "terrace" surrounding the top mesa.
Design Concept and Structure of Inverted APD
When the device is biased, the APD active area is formed beneath the n-type top mesa. Here the edge field is inherently induced in bottom periphery region of the n-type top mesa. To avoid this effect on the breakdown behavior, the parameters of the edge-field buffer layer has to be carefully designed.
The calculated field profile of the InAlAs/InGaAs inverted APD, which typically has a "low-high-low" shape, is illustrated in Fig. 2 . The field on the avalanche layer is assumed to be the breakdown field of the InAlAs. The sheet doping level of the n-field control layer is designed to be lower than that of p-field control layer. Additionally, the field on the edge-field buffer layer is kept low in order to avoid the edge breakdown on this layer by optimizing the sheet doping level of the n-field control layer. The advantages of the inverted APD are the reductions of junction capacitance and surface leakage current. Because the device active area is defined by the n-type mesa, the junction capacitance being contributed from the terrace region is negligible. Furthermore, low fields in the undoped-absorption layer and the sidewall of the second mesa at the operation voltage achieve the low surface leakage current. These can provide suitability for scaling and device stability. Figure 3 shows the I-V characteristic and multiplication factor for a fabricated APD containing InAlAs-avalanche layer of 100 nm. The breakdown voltage (V b ) was 23 V and behaviors of photocurrent and darkcurrent near the V b were as expected for avalanche breakdown. These results indicate that the field is applied only on the avalanche layer selectively and unexpected breakdown such as edge breakdown is not occurred. Multiplication factor of 10 was achieved at 19.6V, and the darkcurrent was 65nA. Figure 4 shows the gain-bandwidth characteristics of a fabricated APD. The diameter of the APD is 10 µm. From this characteristic, the gain-bandwidth product (GBP) of the APD is evaluated to be 220 GHz. The maximum f 3dB of 27 GHz at M = 5.3 and a f 3dB of 24 GHz at M = 8 were obtained. To our knowledge, these are the largest f 3dB values ever reported for a vertical illuminated APD. Figure 5 is the temperature dependence of the darkcurrent at a bias of 0.9 V b , giving multiplication factor of about 15. The temperature dependence of the darkcurrent is negligible, although the darkcurrent rises from 230 to 350 nA with temperature rises from 20°C to 80°C. It seems that the main component of the darkcurrent of the APD is not surface leakage current, but tunneling current in the InAlAs avalanche layer. This would mean that the field is confined effectively within the central region of the APD with the new p-down inverted structure and that there is the possibility of realizing the highly reliable APD. 
Results and discussion

Conclusions
We demonstrated a new p-down inverted APD structure that can be simply fabricated with suitable scaling. This APD structure includes a double mesa structure, MIC-absorption layer, and a low-high-low field profile. These structures prevent unexpected edge breakdown and surface leakage current. A f 3dB of 27 GHz and a GBP of 220 GHz have been obtained for fabricated APDs. To our knowledge, this is the largest f 3dB as ever reported for the vertically illuminated APDs. Furthermore, low darkcurrent and negligible temperature dependence of the darkcurrent are observed. These results indicate our device has potential for high reliability.
